Simple nitrogen (N) input/output balance calculations in agricultural systems are used to evaluate performance of nutrient management; however, they generally rely on extensive assumptions that do not consider leaching, denitrifi cation, or annual depletion of soil N. We constructed a relatively complete N mass balance for the Big Ditch watershed, an extensively tile-drained agricultural watershed in east-central Illinois. We conducted direct measurements of a wide range of N pools and fl uxes for a 2-yr period, including soil N mineralization, soybean N 2 fi xation, tile and river N loads, and ground water and instream denitrifi cation. Fertilizer N inputs were from a survey of the watershed and yield data from county estimates that were combined with estimated protein contents to obtain grain N. By using maize fertilizer recovery and soybean N 2 fi xation to estimate total grain N derived from soil, we calculated the explicit change in soil N storage each year. Overall, fertilizer N and soybean N 2 fi xation dominated inputs, and total grain export dominated outputs. Precipitation during 2001 was below average (78 cm), whereas precipitation in 2002 exceeded the 30-yr average of 97 cm; monthly rainfall was above average in April, May, and June of 2002, which fl ooded fi elds and produced large tile and riverine N loads. In 2001, watershed inputs were greater than outputs, suggesting that carryover of N to the subsequent year may occur. In 2002, total inputs were less than outputs due to large leaching losses and likely substantial fi eld denitrifi cation. Th e explicit change in soil storage (67 kg N ha −1 ) off sets this balance shortfall. Although 2002 was climatically unusual, with current production trends of greater maize grain yields with less fertilizer N, soil N depletion is likely to occur in maize/soybean rotations, especially in years with above-average precipitation or extremely wet spring periods.
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Lowell E. Gentry* Michigan State University Mark B. David and Frederick E. Below University of Illinois Todd V. Royer Indiana University Gregory F. McIsaac University of Illinois N itrogen budget calculations in agricultural systems are useful for developing a quantitative understanding of N sources and sinks and assessing overall availability of N to the target crop species as well as effi ciency of utilization. Th ese calculations range from simple input/output budgets at the fi eld, watershed, or regional scale to intensive mass balance evaluations at the microplot and small fi eld scale (Watson and Atkinson, 1999) . However, accounting for all N fl uxes and obtaining a complete N mass balance is extremely challenging due to the inherent complexity of the N cycle and the diffi culty in directly measuring various fl uxes, particularly denitrifi cation (Davidson and Seitzinger, 2006) . Th erefore, simple fi eld budgets are more commonly used as performance indicators of nutrient management and as regulatory policy instruments, especially in Europe (Oenema et al., 2003) .
In conventional agricultural systems, N budgets generally identify fertilizer N as the major input and N contained in grain as the major output. In the Midwest, where maize (Zea mays L.)/soybean (Glycine max L.) rotations are the predominant cropping system and tile drainage is extensive, N inputs often include an estimate of soybean N 2 fi xation, and N outputs include N leaching from tiles (McIsaac et al., 2002) . A mass balance, on the other hand, implies a more rigorous investigation into N pools and fl uxes throughout the plant/soil system and often involves applying 15 N to microplots (Stevens et al., 2005) . Regardless of the experimental rigor, N accounting and budgeting has been used to evaluate the potential negative impact of agricultural production on water quality and more recently on the soil resource (Jaynes and Karlen, 2008) .
Numerous studies in the Midwest have presented fi eld N budgets to evaluate the eff ects of agricultural practices on N leaching losses (Kladivko et al., 1991; Gentry et al., 1998; Karlen et al., 1998; Andraski et al., 2000; Jaynes et al., 2001; Webb et al., 2004) . Th ese studies show that leaching losses can be substantial and are largely dependent on the rate of fertilization, soil type, and precipitation. Th ere are a variety of cultural practices that can improve fi eld N balances and decrease N loss, including timing of N application, variable rate technology, use of nitrifi cation inhibitors and slow release fertilizers, and cover crops (Randall and Vetsch, 2005; Mamo et al., 2003; Snapp et al., 2005) . Th ere have also been N budget calculations on the watershed scale (David et al., 1997; Burkart and James, 1999; McIsaac et al., 2002; Libra et al., 2004) . Collectively, these studies have established a clear link between agricultural production and riverine N loads but do not account for all N pools (amount of stored N) and fl uxes (movement of N).
Our goal in this study was to directly measure as many of the major N inputs and outputs as possible, supplemented with estimates where needed, to construct a relatively complete N mass balance in an extensively tile-drained agricultural watershed under a maize/soybean production system. We conducted direct measurements of a wide range of N pools and fl uxes for a 2-yr period including soil N mineralization, soybean N 2 fi xation, tile and river N loads, and ground water and in-stream denitrifi cation. Due to the lack of animal production and municipal wastewater discharge, this agriculturally dominated watershed was well suited to evaluate the linkage between terrestrial N cycling and riverine N load.
Materials and Methods

Site Description
Th e Big Ditch watershed (101 km 2 ) is a relatively fl at and extensively tile-drained area dominated by row crop agriculture (89%) with approximately an equal mixture of maize and soybean planted annually, typical of east-central Illinois watersheds (previously described by Borah et al., 2003; Schaller et al., 2004; Royer et al., 2006; Mehnert et al., 2007) . In conjunction with this study, Mehnert et al. (2007) 
Nitrogen Inputs
Values of atmospheric N deposition in the Big Ditch watershed were from the National Atmospheric Deposition Program/National Trends Network site at Bondville, IL (NADP, 2008) , which was located just outside the watershed boundary. Fertilizer N rate for maize was estimated at 184 kg ha −1 based on a farmer survey conducted in the Big Ditch watershed in 2000 (von Holle, 2005) . Th is survey found that about 50% of maize fi elds received fall application of anhydrous ammonia. Soybean N 2 fi xation rates were determined by the diff erence method, subtracting the amount of above-ground N accumulation of non-nodulated soybean from the N accumulation of nodulated soybean and dividing by the N accumulation of the nodulated soybean (Vasilas and Ham, 1984; Gentry et al., 2001) . Values for soybean N fi xation in the watershed were determined by multiplying N fi xation rate by soybean plant N.
Following the experimental design, plot size, and cultural practices by Gentry et al. (2001) and Bergerou et al. (2004) , two adjacent tile-drained fi elds separated by a small tributary of the Big Ditch that were alternately cropped to maize or soybean in a maize/soybean rotation were selected for microplot study. During the soybean phase of the rotation in these fi elds, microplots of nodulating and non-nodulating isolines of Williams 82 were established in a randomized block design with four replicates on the predominant silty clay loam soil type (Drummer/Flanagan silty clay loam, fi ne-silty, mixed, superactive, mesic Typic Endoaquolls) in the watershed. Soybean plants in a 1-m section of row (0.76-m row spacing) were harvested at the late R6 growth stage before leaf drop, divided into two plant fractions (leaves and stalks, and pods and seeds), and dried to a constant weight at 80°C for biomass determination. Dried samples were ground through a 2-mm mesh and analyzed for total N using a combustion technique (Fisons NA 2000 N Analyzer; Fisons Instruments, Strada Rivoltana, Italy).
Nitrogen Outputs
Grain yields of maize and soybean for Champaign County were used for yield values in the Big Ditch watershed (Illinois Agricultural Statistics, 2000 Statistics, -2001 . Grain N content was calculated by multiplying grain yield by grain N concentrations of 1.44% for maize and 6.4% for soybean. Grain N concentrations were calculated using an average grain protein concentration of 9% for maize and 40% for soybean (University of Illinois, 2008) and dividing by the average mass ratio of N to grain protein (1:6.25). Total plant N was calculated by dividing grain N by the N harvest index of 0.70 for maize and 0.80 for soybean (David et al., 1997) .
Daily river N loads were determined by multiplying daily discharge by inorganic N (including nitrate-N [NO 3 -N] and ammonium-N [NH 4 -N]) and by total N concentrations. A total of 241 river samples were analyzed during the 2001 and 2002 water years. Linear interpolation was used to estimate N concentrations between sampling dates using SAS 8.2. Water samples were collected on a weekly basis and supplemented with an automated water sampler for periods of rapid change in discharge (ISCO 2900; ISCO, Lincoln, NE). Filtered water samples (0.45 μm) were analyzed for NO 3 -N on an ion chromatograph (Dionex, Sunnyvale, CA) and for NH 4 -N on a Lachat Quikchem8000 (Lachat, Loveland, CO) fl ow injection analyzer (American Public Health Association, 1998). For total N, unfi ltered aliquots underwent persulfate digestion and were analyzed for NO 3 -N by Cd reduction on a Lachat Quikchem8000 (American Public Health Association, 1998).
Shallow ground water and riverine (in-stream) denitrifi cation were determined on the Big Ditch watershed as part of this project and have been previously published (Mehnert et al., 2007; Royer et al., 2004; Schaller et al., 2004) . A brief summary is given here; details are available in the publications cited. Mehnert et al. (2007) measured shallow ground water denitrifi cation by monitoring 11 wells installed throughout the watershed. Isotopic ratios of N and O in the nitrate ion were used to suggest the extent of denitrifi cation. Push-pull tests were conducted to determine in situ NO 3 -N reduction rates. Th e software GFLOW was used to create a twodimensional ground water model (Mehnert et al., 2007) .
In-stream denitrifi cation was determined on ditch sediments and associated aquatic plants using the chloramphenicolamended acetylene inhibition procedure Schaller et al., 2004) . Measurements were made throughout the year within the stream system of the watershed.
A reliable technique for determining fi eld denitrifi cation was not available (Groff man et al., 2006) ; therefore, we used weather patterns and our knowledge of N budgets to make some general assumptions. Due to dry conditions in 2001, we assumed fi eld denitrifi cation was not an important watershed output. However, with several large precipitation events in April, May, and June of 2002, where rainfall exceeded infi ltration rates and soils were saturated for several days, we believe conditions were conducive for fi eld denitrifi cation. We estimated fi eld denitrifi cation in 2002 by diff erence using the complete watershed N mass balance, assuming total inputs plus grain N derived from soil (explicit change in soil storage) equaled total outputs and solving for missing N.
Grain Nitrogen Derived from Soil
Estimates of maize fertilizer N recovery and soybean N 2 fi xation were used to calculate a value for grain N derived from soil. Fertilizer N recovery in maize was determined by measuring the diff erence between fertilized and unfertilized above-ground plant N accumulation and dividing by the fertilizer N rate. Unfertilized maize N accumulation can also be used as a proxy for net soil N mineralization during the growing season (Gentry et al., 2001) . Four plots of unfertilized maize were established in the alternate fi eld adjacent to the soybean microplots during the maize phase of the rotation. Four plant samples from a 6.1-m row length (0.76-m row spacing) of unfertilized maize were harvested at physiological maturity, divided into three plant fractions (leaves and stalks; tassel, husk, and cob; and grain), and dried to a constant weight at 80°C for biomass determination (Gentry et al., 1998) . Dried samples were ground through a 2-mm mesh and analyzed for total N using a combustion technique (Fisons NA 2000 N Analyzer) . Above-ground plant N accumulation of fertilized maize was based on county estimates of grain N divided by N harvest index. Using the percent fertilizer recovery, we calculated maize grain N derived from fertilizer and assumed the remainder was from soil. For soybean, we calculated grain N derived from fi xation and assumed the remainder was from soil.
Tile Drainage
Th ree agricultural drainage tiles along the Big Ditch were monitored during [2001] [2002] . Th ese tiles cumulatively drained 25.5 ha, with the majority of the eff ective drainage area planted to soybean in 2001 and maize in 2002. Th e eff ective drainage area of each tile was determined by assuming the ratio of river discharge to precipitation for the watershed is the same for tiles, dividing annual tile volume by annual precipitation, solving for area, and averaging eff ective tile drainage area over the 2 yr. Tile discharge was gauged using a Sigma 900 MAX (Hach Co., Loveland, CO) area velocity sampler, and water samples were collected on a fl ow proportional basis using an automated water sampler (ISCO 2900). Water samples were analyzed for NO 3 -N, NH 4 -N, and total N as described previously. Tile water fl ow-weighted mean N concentrations and loads were determined to compare and contrast to riverine N.
Nitrogen Balance Calculations
We calculated simple fi eld N balances for maize (fertilizer N minus grain N) and for soybean (N 2 fi xation minus grain N). We calculated simple watershed N balances as inputs (deposition, fertilizer N, soybean N 2 fi xation) minus outputs (maize and soybean grain N), comparing riverine N loads with these watershed balances. Finally, we calculated the overall watershed N mass balances as the inputs (deposition, fertilizer N, soybean N 2 fi xation) minus the outputs (maize and soybean grain N, stream N load, in-stream and ground water denitrifi cation, fi eld denitrifi cation).
Results and Discussion
Precipitation and Crop Yield
Weather patterns and annual precipitation in Champaign County varied greatly during 2001 and 2002; however, crop yields were similar in both years. Th e 2001 water year was particularly dry (78 cm measured in local rain gages and an average of 91 cm measured in the climate division), and crop yields (0% moisture) were 8.27 and 2.68 Mg ha −1 for maize and soybean, respectively. Although annual precipitation was low in 2001, rainfall occurred at timely intervals during the growing season that resulted in crop yields that were within 5% of the 1997-2000 averages. Th e 2002 water-year precipitation was 110 cm in local rain gages and 112 cm for the climate division, which was the third wettest water year since 1971. Th e county average maize yield declined by 7% to 7.7 Mg ha (Table 1) . By multiplying fi xation rate and total above-ground N accumulation (grain N divided by N harvest index), we estimated soybean N 2 fi xation in the watershed to be 163 and 150 kg N ha , respectively). Compared with unfertilized maize, N accumulation by the non-nodulating soybean was less in both years (Table 1) . Th is may in part be due to diff erences in growing period, root architecture, and N absorption patterns of maize and soybean; however, maize has been shown to stimulate soil N mineralization by as much as 50% (Sanchez et al., 2002) . Overall, the drier growing season of 2001 created conditions that increased maize N fertilizer recovery and soybean N 2 fi xation.
Field Nitrogen Balance
For simple fi eld N balances, we used only fertilizer N or N 2 fi xation for inputs and grain N for output; we did not consider atmospheric N deposition here. Subtracting maize grain N from the fertilizer N rate of 184 kg N ha −1 , we found fi eld N balances to be positive, indicating a net gain of 65 and 73 kg N ha −1 for maize fi elds in 2001 and 2002, respectively. Maize yields would need to be >13 Mg ha −1 (assuming 1.44% grain N) to remove more N than was supplied at this fertilization rate. For soybean, fi eld N balances were negative for both years because N from fi xation was less than grain N output. Subtracting soybean grain N from plant N 2 fi xation (grain N divided by N harvest index multiplied by N 2 fi xation rate), we found net removal of N in soybean fi elds to be 7 and 51 kg ha −1 in 2001 and 2002, respectively. Although a soybean crop is often given a N credit when preceding maize (Gentry et al., 2001 ), studies report a negative balance in soybean fi elds (Heichel and Barnes, 1984; Zapata et al., 1987) .
Net Nitrogen Input
Simple watershed N balances have been used to compare riverine N loads with net nitrogen input (NNI); however, basin size, intensity of agricultural production, and extent of artifi cial drainage infl uence the relationship. For example, Howarth et al. (1996) found riverine N load to be about 22% of NNI for the entire Mississippi River basin. David and Gentry (2000) estimated the combined riverine N load for the major rivers of Illinois to be 51% of the NNI. In watersheds within Illinois, McIsaac and Hu (2004) found large diff erences in riverine N load to NNI, based on the presence or absence of tile drainage. Riverine N load represented 25 to 37% of NNI in nontile drained watersheds, whereas riverine N load was 100% of NNI for watersheds containing extensive tile drainage. Th ese results suggest that the value for NNI cannot account for both N leaching and denitrifi cation in tile-drained regions. (Fig. 1) . Th ese precipitation events generated overland runoff as indicated by the dilution of riverine NO 3 -N concentrations during peak discharge, producing relatively small total N loads. During 2002, numerous fl ow events occurred, and riverine NO 3 -N concentrations tended to increase through May (Fig. 1) . With 50% of the fertilizer N applied in the fall in this watershed, we speculate that this was an important source of river and tile NO 3 -N during the wet spring.
In 2002, N load and annual fl ow-weighted mean NO 3 -N concentrations in the Big Ditch were the highest recorded during the 10 yr from 1994 to 2003 (Royer et al., 2006) . During this period, NO 3 -N fl ux was highly correlated with water yield (r 2 = 0.72), but two years were outliers: in 1994 the observed NO 3 -N fl ux was 12 kg N ha −1 less than the trend line, and in 2002 the observed NO 3 -N fl ux was 13 kg N ha −1 greater. Precipitation throughout the region in 1993 was the greatest on record, as were river fl ows, and this appeared to fl ush NO 3 -N out of the soil and ground water so that NO 3 -N concentrations tended to be lower in 1994. Precipitation and fl ows during 1999-2001 were below average, allowing accumulation of NO 3 -N in soil and shallow ground water, which appeared to have been mobilized during the high fl ows of 2002.
Total N load per unit area for three tiles located in the Big Ditch watershed were similar to river loads for both years. Based on the total eff ective drainage area for all three tiles, cumulative N loads were 22.7 and 59.9 kg ha 
Denitrifi cation (In-Stream and Shallow Ground Water)
In-stream denitrifi cation was estimated to be no more than 1 kg N ha −1 yr −1 (Table 2) . Although in-stream denitrifi cation rates have been shown to be substantial during the summer months in east-central Illinois Opdyke et al., 2006) , tile drainage has generally ceased at this time (David et al., 1997) . In contrast, the majority of river NO 3 -N was exported when tile drainage was occurring, stream water residence time was short, and temperatures were cool . Th ese factors combined to make in-stream denitrifi cation a negligible N output from the Big Ditch watershed. Denitrifi cation in shallow ground water was greater than instream denitrifi cation; however, it was a minor output from the watershed. Mehnert et al. (2007) found that 1.8 and 5.7 kg ha 
Nitrogen Mass Balance
Th e overall annual mass balances of the Big Ditch watershed are shown in Fig. 2 and 3 . Assuming fi eld denitrifi cation was <1 kg ha . Although we calculated a value of −44 kg N ha −1 for grain N derived from soil, the positive N balance indicates that net soil N depletion did not occur in 2001. It is likely that dry years with moderate grain yields and small leaching and dentrifi cation losses create surplus N, allowing carryover of N to the subsequent year (David et al., 1997) .
Gaseous N losses from soils are considered the most diffi cult measurements to conduct on a large spatial scale and were not directly measured in this study. Although the 2001 watershed N mass balance suggests that as much as 6 kg N ha −1 could be lost from soils via processes such as dentrifi cation and nitrifi cation, soils were not inundated when temperatures were favorable for dentrifi cation. Nitrifi cation of ammoniacal fertilizers (especially at fertilization rates greater than suffi cient) has been shown to produce gaseous N loss; however, fertilizer N rates in the Big Ditch watershed were not considered excessive, which would minimize the importance of this N output in our mass balance calculations (McSwiney and Robertson, 2005) . In general, the extensive tile drainage that exists throughout east-central Illinois is thought to decrease the occurrence of fi eld denitrifi cation (McIsaac and Hu, 2004) . Th erefore, in the drier year of 2001, we believe fi eld denitrifi cation was not likely an important watershed output.
In 2002, with large N leaching losses and likely substantial fi eld denitrifi cation, total inputs (154 kg N ha ) as an input, off setting the balance shortfall and solving for fi eld dentrifi cation. By assuming that N input plus the absolute value for explicit change in soil storage is equal to total N outputs (due to the extensive fl ushing of N from soil and shallow ground water), we estimated that 27 kg N ha
was lost from the watershed via fi eld denitrifi cation in 2002 (Table  2) . Although few studies have quantifi ed fi eld denitrifi cation, a study in east-central Illinois (Torbert et al., 1992 (Torbert et al., , 1993 found that when Drummer soil was artifi cially fl ooded for more than fi ve consecutive days, nearly 50% of the fertilizer N applied was lost via denitrifi cation. As indicated by the numerous river and tile discharge events during May and June of 2002, frequent precipitation at that time created saturated soil conditions in the Big Ditch watershed for extended periods at temperatures favorable for dentrifi cation. In extensively tile-drained regions, only small amounts of N enter shallow ground water because tile and stream networks quickly transport N downstream and out of the watershed (Mehnert et al., 2007; Royer et al., 2006) . Th erefore, we believe that denitrifi cation in the upper soils was likely the most important source of gaseous N loss during the wet year of 2002. David et al. (2009) compared fi ve models that simulate the N cycle in agricultural systems and predicted denitrifi cation (SWAT, DAYCENT, DRAINMOD-N II, EPIC, and DNDC) for the Embarras River watershed in Champaign County, directly south of the Big Ditch watershed. Th e Embarras River watershed has similar soils, cropping patterns, fertilizer N use, and riverine N exports as in the Big Ditch watershed (Royer et al., 2006) . Th e models predicted an average denitrifi cation fl ux for 2002 of 13.5 kg N ha −1
. For the agronomic-based models SWAT, DRAINMOD-N II, and EPIC, fi eld denitrifi cation rates were estimated to be 22, 24, and 14 kg N ha
, respectively, which is similar to our estimate of 27 kg N ha −1 yr −1
; the two biogeochemistry models DAYCENT and DNDC had estimates of 3.5 to 4.2 kg N ha
, respectively. Using our estimate for fi eld denitrifi cation, we fi nd a gross loss of N via leaching and denitrifi cation (fi eld, shallow ground water, and in-stream) of 84 kg N ha −1 for the Big Ditch watershed in 2002. Overall, our watershed mass balance analysis indicates that N fertilizer is the largest input, that grain N is the largest output, and that total outputs are greater than total inputs. During the past 20 yr, US fertilizer N sales have remained relatively constant, whereas crop yields and N harvested (especially maize since the introduction of GMO traits) have increased (USEPA, 2007) . Given this perceived increase in maize N utilization efficiency, it would be expected that riverine N loads in the Mississippi River watershed would be declining. Surprisingly, riverine loads in tile-drained regions have not declined much, if at all, during this period (USEPA, 2007) . In our analysis of the Big Ditch watershed, the N mass balance could not be closed without considering the explicit change in soil storage. Th erefore, our results suggest that a maize/soybean rotation depletes soil N in this extensively tile-drained watershed, especially during an extremely wet year. In addition, tile drainage losses can be substantial (>50 kg N ha −1 yr −1
), even with a favorable crop N balance, as indicated by a NNI of 17 kg ha −1 in 2002. Finally, there is little doubt that NO 3 -N leaching, largely mediated through tile drainage networks, is the major source of N in surface waters in east-central Illinois, contributing to local water quality problems and nutrient loading in the Gulf of Mexico.
Conclusions
Our comparison of N cycling in the Big Ditch watershed was conducted during 2 yr of diff ering N leaching patterns driven by precipitation. Th e watershed N balance calculations indicate that N inputs were greater than outputs (+6 kg ha ) in the wetter year (2002), indicating soil N depletion. In years with modest leaching losses and minimal denitrifi cation, N may accumulate and carry over to the next year, thus partly off setting net depletion of soil N. Our analysis suggests that soil N depletion can occur in maize/soybean rotations in years with above-average precipitation or extremely wet spring periods. With current production trends of higher grain yields with fl at or even declining fertilizer N rates, these data suggest the likelihood that soil N depletion may be exacerbated. 
